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Top Quark Physics Topics

Electroweak
Physics
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ttZ and ttW Production
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e measure 3rd component of weak isospin
e search for anomalous couplings in ttZ vertex

— it Is very interesting to measure rare processes never
explored before since new physics could show up!
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Search for ttZ and ttW
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Observation of ttV production
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— in agreement with the SM prediction
(tty also in agreement with SM prediction)
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Top Quark Physics Topics

Properties
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Top Quark Analyses

' anomalous couplings
rare decays
\f branching ratios
CKM-Matrix-Element |V,,|

‘\\W new particles

spin correlations

charge asymmetry mass, charge,

width, lifetime

AFB
——— . A —————————————————
production cross-section ® W W helicity
production kinematics q'v
production through resonances b
new particles qr

le t luction production cross section, CKM-Matrix-Element |V,|,

anomalous couplings, searches for new particles

other production modes tt+jets, ttZ, ttW, ttH and their couplings
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The Top Quark Mass

* free parameter in the Standard Model

> check the self-consistency of the Standard Model
in combination with W mass measurement

> prediction on Higgs mass
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Extraction Techniques: Templates

* use variables strongly correlated with m, o
> compare data to MC with different m, hypotheses

Reco. Top Mass (1-tag(T))

0.14- CDF Run Il Preliminary

Mtop:
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Fraction/(5 GeV/cz)
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T 0.0
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mieco( GeV/cz)
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Extraction Techniques: Templates

* use variables strongly correlated with m,.
> compare data to MC with different m, hypotheses
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Extraction Techniques: Templates

* use variables strongly correlated with m,.
> compare data to MC with different m, hypotheses
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JES calibration

jet energy scale:

translate jet into parton energy

Calorimeter jet

Particle jet

W mass P
constrains jet
energy scale
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Result in |+jets Channel

CMS Preliminary, 19.7 fb™, (s = 8 TeV, l+jets

LL maximum
/ 8 o likelihood fit
jet energy scale: to data
translate jet into 1.01
parton energy
1.008
1.006
1.004
1.002
171.5 172 172.5
m; [GeV]
my = 172.04 £ 0.19 (stat.+JSF) £ 0.75 (syst.) GeV,
JSE = 1.007 = 0.002 (stat.) = 0.012 (syst.).
+0.45%

most precise single measurement
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Result in |+jets Channel

CMS Lepton+jets, 19.7 fb' (8 TeV) maximum
’ 5 . oosl. | 4 likelihood fit
jet energy scale: IR * Hybrid - to data
1.007F ®1D
translate jet into 1 006E E
parton energy B .
1.005F E
1.004F s
1.003F 3
1.002 -
1.001F -
T o
172 172.5

m, [GeV]

miY® = 172.35 + 0.16 (stat+]SF) + 0.48 (syst) GeV

+0.29%

most precise single measurement
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Top mass at the Tevatron

o : Mass of the Top Quark
i * Data (8.7 fb ) July 2014 (* preliminary)
N - &
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g 150 R Bkgd only DO-I dilepton 168.40 +12.82 (+12.30+ 3.60)
E Tagged CDF-Il dilepton * = 170.80+3.25 (:183+269)
5100—
I.|>J DO-II dilepton 174.00+2.76 (£2.36+ 1.44)
50— —_——
CDF-I lepton+jets 176.10+7.36 (£5.10+5.30)
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reco (GeV/ — [ ] 0 . [
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0)1-05_' O R R R B R SRR CDF-I alljets 186.00+1151 (+10.00+ 5.70)
W (a) D@ 9.7 fb ™" 0TSt
= TI04 " Fors s ) I+jets - CDF-Il alljets * 3 172.47+2.07 (£143+149)
CDF-Il track ¢ 166.90+9.46 (£9.00+ 2.90)
1.03-
! CDF-Il MET+Jets T 173954185 ¢13ss126
C 1SD -
1 _02 - 23D Tevatron combination * 174.344+0.64 (£0.37+052)
r (+ stat + syst)
; 01: 3sD . . ] # O. 3 7% y2/dof = 10.8/11 (46%)
2 m, =174.98 + 0.58 GeV - -] | I
kJEs i 1 025 + 0 005 150 160 170 120 190 200
M (GeVic?)

172 173 174 175 176 177

+ (o)
S oy 7 £0.43%
m, = 174.98 & 0.58 (stat.) £ 0.49 (syst) GeV

good agreement
between all channels...
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Top mass at the LHC
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9 s=7 TeV. 4.6 fb" 59 Best fit background
% 500 T —— Best fit — —
:>.|J } Uncertainty ATLAS+CMS Preliminary LHCIOPpWG m,,, summary, Vs = 7-8 TeV Aug 2016
400— e ARTOYTSEY, = e World Comb. Mar 2014, [7]
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My, = 173.34 =+ 0.76 (0.36 = 0.67) GeV M, = total (stat = syst) s Ref.
200 ATLAS, l+jets (*) 172.31 = 1.55 (0.75 = 1.35) 7 TeV [1]
ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
100 d I I e pto n CMS, I+jets 173.49 = 1.06 (0.43 = 0.97) 7 TeV [3]
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E 7 (5] Eur.Phys.J.C74 (2014) 2758 [10] ATLAS-CONF-2014-055
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725 +0.29% My, [GEV]

m, [GeV]
m™ = 172.35 + 0.16 (stat+]SF) = 0.48 (syst) GeV — jet energy scale is crucial
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History Mop VS. Mw
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History Mop VS. Mw

July 2005
L]

' ' ! |
{ —LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)
68% CL

>
)
O 80.4-
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150 175 200
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History Mop VS. Mw

March 2006
L]

{ —LEP1 and SLD
80.5 1 - LEP2 and Tevatron (prel.)

68% CL

150 175 200
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History Mop VS. Mw

Julyzo('n : : :
{ —LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)
68% CL
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History miop VS. Mw

March 2007
L]

|
1 —LEP2 and Tevatron (prel.)

80.54 - LEP1 and SLD

150 175 200
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History miop VS. Mw

March 2008

—_———
1 — LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD

68% CL
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History miop VS. Mw

July 2008

{1 —LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD

68% CL
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History miop VS. Mw

March 2009

1 —LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD

68% CL

Top Quark Physics - Christian Schwanenberger - DESY Summer School



History Miop
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History mop VS. Mw
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History mop VS. Mw
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History miop VS. Mw

3
e
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History mop VS. Mw

July 2012

; | M: LEP+Tevatron, m: Tevatron
80.44

. 68% C.L. &
80 ¢
80

; A 4 A A A A A A A A l A A A A A A A
8030'“ 465 470 175 180 185 190
m, [GeV]

— Standard Model is self-consistent
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History miop VS. Mw

July 2012

é 80.46 — LHC direct searches

; - —— My: LEP+Tevatron, m : Tevatron

future: 04 emcn
A(mw)=6 MeV sM’Broken O

"“165 170 175 180 185 190
m, [GeV]

improved W mass measurement is critical
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Top Quark Physics Topics
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Open Questions In the SM

e is it the Higgs as
predicted in the SM?

e why is the top quark so
heavy?

e what is the role of the top
quark itself in electroweak
symmetry breaking?

— analyse the interplay
between top quark and
Higgs boson

— measure the top-Higgs
Yukawa coupling

- Christian Schwanenberger - DESY Summer School 32



Associated top-Higgs Production

e only process to
measure top-Higgs-
Yukawa coupling
directly

— will provide important
information about role q
of top quark in process

of mass generation

Q|
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Search for ttH production

multi-leptons
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Data / Pred

Search for ttH production

120~ ATLAS —e— Data
- \s=8TeV,20.31b" [ ] }}Hl_mhzts)
100[- Single lepton % tt:clz%
[ 26j,24b mm ti+bb
- Post-fit Cott+V
80— _Jnon-tt
B 7/, Total unc.
L o703 ttH (125) norm.
60 - aer

.8-06-04-02 0 02 04 06 08 1
NN output

Top Quark Physics

H

—-@ |1
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Search for ttH production

H—-vyy H-WW, Z2Z

H H Wz
e t -
\ W/Z

Y -

multi-leptons
S 120F AaTLAS —e Data
> [ \s=8TeV,2031b" EgHﬁgff) > T T — T
€ 100l Single lepton L © -
R s =his; G 5f-—t- Da ATLAS .
L i tt L - - - -
gol Postit ity 2 - Background fit \l_§_8TeV JLdt=20.3fb .
8 7/, Total unc. 2 - ttH, H = yy, m, =125.4 GeV _]
C:_:_:|ttH (125) norm. 3 4: e p =14 . .
- o C 8 TeV leptonic category ]
3r -
2 =
o A -
o T .
o L -
% ogbcbt b b Coo b v v by b b by
QO 71 -08-06-04-02 0 02 04 06 08 1 110 120 130 140 150 160
NN output m, [GeV]
Y
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Events /0.1

Data / Pred

Search for ttH production

H—-vyy H-WW, Z2Z

H H W/Z

W/ Z
Y _

multi-leptons
120F ” CMS tlH.SI channel . \s=8TeV,L=19l.5'l,b‘l‘“ CMS tH 41 channel \s 8TeV.L= 1951b‘
:\As.’:’-gfeVZOSfb" ;Rﬁt?ﬁ& > T T 5 ;t?l?a __% E;D A :
b o ) tt+light T 1 > 1S s3- Wt =
100__§|g?le>lip;on :,g:g% 8 5—_ ' Data ATLAS . w 3 IeptonlS-nw Jm L Ett 4 Iepl nlS ]
2 , 2 + | — - L -
C Postfit =LA w L . (5=8TeV [Ldt=2031" ] 4 1 250 S NonPr E
g0l ] non-ti > - —— Background fit " . = WZ - E - Others ]
- A 18y £ 4F fiH, H — 77, m,, = 125.4 GeV ] B Oters b - tiHX5 E
r ot norm.| @ I =1.4 . = r ]
60 e o r " 8 TeV leptonic category ] D Eﬁkf ?—, E F ]
B . : - ] 156 &
3 .
2k -
.: 1 .0 PP P . oF ! 1 ]
n 1 8 3 18 4 ]
s = . + ER-T 3 ]
L G b b e e L < N R | L | 8 E E
%1 08060402 0 02 04 06 08 1 10 120 130 140 150 160 8 ipeee—t—eey == 8
NN output m,, [GeV] 0708 06 04 02 0 02 04 06 95 2 25 3 35

BDT Output N(jets)

v
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7 and 8 TeV

CcMS 1s=7TeV, 5.0-5.1 fb";1s =8 TeV, 19.3-19.7 f’
YY — 1
bb [~ —l—
T = L
= e
3l = e e
Same-Sign 2| — —_——
Combination — | | | | | |_._| | |

—10I | -8 -6 -4 -2 0 2 4 6 8 I10
Best fit o/cg,, at m,; = 125.6 GeV

O/ Osm
4.50 (1.70 exp)

ttH(H—>yy)
(13 Tev 133 ")

ttH(H—=WW/tt/Z2)
(13 Tev13.2fb™)

ttH(H—bb)
(13 Tev13.2f™)

ttH combination
(13 TeV)

ttH combination

(7-8TeV,4.5203107) | | |

— observation in Run-lli
— measurement of top-Yukawa coupling

T T T I I T T l l l T T T
ATLAS Preliminary (s=13 TeV, 13.2-13.3 fb™
—total ~ stat. (tot.) (stat., syst.)
—— 1.2 12 402
: -0.3 t1_o ( i.1.0 ) f0.2 )
————] 13 07 +1.1
25 N7 (%7, %9 )
. 1.0 05 +0.9
o= 21 %y (%5.%7 )
 leq 4 07 404 406
1.8 to.7 (%045 o5 )
. 0.8 05 +0.7
: - 1.7 %z (5. %6 )
1 I 1 1 | 1 1 I 1 I 1 1
0 2 4 6 8 10

best fit u_ for m =125 GeV
tiH

O/ Osm
2.80 (1.80 exp)
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Top Quark Physics Topics

Phenomena

= "Largest quantum correction to the Higgs boson
mass involves a top quark loop, it is natural to
suppose that BSM mechanisms involve top
quarks”
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Direct Searches for New Physics

darth matter
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Search for Dark Matter in top pairs

¢/a

Top Quark Physics

2217 (13 TeV)

- CMS
25— Preliminary

Events / 40 [GeV]

-e-Data HQCD MZ-+Il EZ-vv
[l Single Top v VW [OW + Jets
1) Eng2n)

ps: Ml 1 GeV,

M, 100 Gev 20}

- Christian Schwanenberger -

E!rniss [GeV]

DESY Summer School
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Search for Dark Matter in top pairs

. 2217 (13 TeV)
n - D QCD mzZ-I Wz
8 £(b) o F CMS MSngeTor NV LIV 3w dets
| S E Proliminary =0 e
9 _ ps:M 1GeV,
> s T M, 100Gev 20
g =f
¢/a — Wk
g t(b) wl, 1.5 F ;
g’o F ]
= 1 E.+ ........ + ........ ++ ........ f ........ " "W I +.:
-1 [ L ] 4
bo | T T T T T T T I T T T T 200 250 3m 350 4w 450
B ™ Scalar, Dirac, g=t.g, =t m =1 GeV CMS N ET™* [GeV]
S 1 - Median expected 95% CL Preliminary -
= E - Expected + 1o E
g : Expected + 20 :
‘q') - —®— Observed -
e
=] 10

— no hint for
new physics
so far...

I IIIIIII|
1 Illlllll

(ool
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Q- qW
T—-tH
T—-1Z
T - bW
B — bH
B —bZ
B —tW
X5/3 = tW
X5/3 = tW

T—- bW

t— lep

T—tH cwe=1.5

t — lep
T—-MH cz=2.5

T—-tH t = had
cwe=1.5

t = had
-
T-H cz=2.5

T—1tZ cw=15

T—tZ cz=15

B—bZ cw=15
T—-bW cw=15
Y- tH cwp=1.0

Pushing the TeV scale

Vector-like quark pair production Resonances to heavy quarks
Z'(1.2%) — it t* — tg S=3/2
Z'(10%) — tt t* - tg S=1/2
gKK = 1t b* = tW K=t
W - tb

b* = tW | Ka=1

W’ = tb Mva < Mw

b* = tW KuKa=1 ;
R W - th Mva> Mw 0 04 08 12 16 2
Observed limit 95%CL (TeV)
13 TeV Z(1%) ~ t
Z’(10%) — it
Z'(30%) — tt
0 03 08 08 12 15 gKK — tt Resonances to dibosons
R,
Observed limit 95%CL (TeV) 8 TeV on o -
Vector-like quark single production W= tb 8 TeV
¢ 13 TeV W' = WH
Z- Tt 2t ko

T ‘JEJ‘IaV|

0 05 1 15 2 25 3 35 4 Z - ZH
Observed limit 95%CL (TeV) s
Goux = WW ?.ali.)
<& )
Gouk = ZZ 301b

W' = VW HVT(B)

B2G
new physics

W’ = WH HVT(B)

searches with
heavy SM particles

Z' - VH HVT(B)

radion = HH

0 025 05 075 1 125 15 175 2 o o5 1 15 2 25 3
Observed limit 95%CL (TeV) Observed limit 95%CL (TeV)

— |ots of opportunities for discovery in Run-lIi
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Summary

e the top quark is a very rich field of research
e very interesting candidate for new physics!

e measure properties with highest possible
precision to find new physics:

- high precision cross
sections and properties

CMS Preliminary, 19.7 fb”", \s = 8 TeV, l+jets
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— observe more SM processes in Run-Il, many high precision property/cross
section measurements to come, discover new physics (in)directly???
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Summary

WE NEED YOU

_> let’s smash the SM /E_
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